ABSTRACT
bile, with a tI/2370 of 3.5 hr, is protected by colchicine, and is unaffected by salt, whereas the ow-affinity site is stable but is inhibited by salt. Binding to both sites is rapid.
The high-affinity binding constant of vinblastine to tubulin (6.2 X 10M-1) corresponds to the half-maximal concentration of vinblastine need to prevent polymerization of tubulin in vitro, whereas the low-affinity binding constant (8 X 104 M-1) corresponds to the half-maximal concentration of vinblastine required to aggregate tubulin. We conclude that vinblastine binding to the high-and low-affinity sites, respectively, accounts for the depolymerization and aggregation behavior of tubulin. Antimitotic agents such as colchicine, podophyllotoxin, and vinblastine are thought to exert their antimitotic effect, as well as a number of other intracellular actions (1) (2) (3) (4) , by virtue of their ability to prevent tubulin polymerization to microtubules. For colchicine (5) (6) (7) and podophyllotoxin (8, *), affinity constants of these drugs for tubulin are commensurate with the concentrations required to produce the biological effects. However, published affinity constants of vinblastine for tubulin have ranged from 2 X 104 to 8 X 106 M-', and the number of binding sites for vinblastine/molecule of tubulin (molecular weight 110,000) has been stated to vary from 0.5 to 2.0 (6, (9) (10) (11) (12) .
Vinblastine has a second effect on tubulin that is not shared by colchicine or podophyllotoxin, and which is observable both in vitro and in vivo. This second effect consists of a gradual aggregation of tubulin monomers from 6 S to 30 S and eventual precipitation (9, 13) . In vivo, this aggregation is recognized as the reversible formation of macrotubules (340-420 A diameter instead of 240 A for normal microtubules), which are possibly formed by the tight coiling of loose helices; these, in turn, are believed to coalesce to form the paracrystalline arrays seen in the cytoplasm of many cells treated with vinblastine (14) (15) (16) . That these paracrystals are, in fact, composed of tubulin is suggested by the findings that: they bind colchicine (17); they bind fluorescent antitubulin antibodies (18); they can be made in vitro from purified tubulin (15, 19) ; and, when isolated from tissues, paracrystals show an amino acid composition identical to that of purified tubulin (19) .
These structural changes occur at higher vinblastine concentrations than those required to disaggregate microtubules and suggested to us that the confusing results on vinblastine binding affinity and stoichiometry might be resolved if one postulated two vinblastine binding sites on tubulin: one, high affinity, whose occupancy is related to microtubule disaggregation and a second site, of lower affinity, related to aggregation and paracrystal formation. In the present study we provide evidence that this is indeed the case.
MATERIALS AND METHODS
For polymerization experiments, tubulin was purified from rat brain extracts by three cycles of polymerization and depolymerization, according to the method of Shelanski et al. (20) . In some experiments we used the column procedure of Weisenberg et al. (21) or a procedure that combined both of the methods. After one cycle of polymerization of rat brain tubulin, the protein was depolymerized in buffer A (10 mM Mg9l2, 0.1 mM GTP, and 10 mM sodium phosphate, pH 6.8) at 00 for 30 min, applied to a DEAE-cellulose column, and eluted in the usual fashion. This protein yielded a single band in overloaded gels by polyacrylamide gel electrophoresis in sodium dodecyl sulfate (22) .
The kinetics of tubule assembly have been studied by turbidimetric measurements at 400 nm as described by Gaskin et al. (23) in a temperature-controlled chamber of a Cary spectrophotometer (model 14) at 37'. The polymerization buffer contained 0.1 M 2-(N-morpholino)ethanesulfonic acid (Mes) buffer (pH 6.4), 1 mM ethylene glycol-bis(A-aminoethyl ether)-N,N'-tetraacetic acid (EGTA), 1 mM GTP, and 0.5 mM MgCl2.
Colchicine binding was determined by the DEAE-filter paper method (21) or by fluorescence (5) .
Vinblastine Binding Assay. The DEAE-filter paper disc assay for colchicine had to be modified to make it suitable for vinblastine binding. Two DE-81 paper discs (Whatman) were washed with cold buffer A (40) by mild suction, taking care not to dry the paper. The sample (100 ,l) was applied and was absorbed to filters over a period of 1-2 min. The filters were then rinsed four times with 4 ml of cold (40) buffer A by mild suction. The radioactivity of the filter papers was determined in 10 ml of Hydromix (Yorktown) . In all cases, controls were run in the absence of tubulin, and this blank was subtracted from the quantity of vinblastine bound in the presence of tubulin. Binding results of duplicate experiments agreed to within 10%. The concentration of protein was determined by the method of Lowry et al. (24) , with crystalline bovine albumin as a standard.
GTP (Grade II-S) was obtained from Sigma. Podophyllotoxin was generously supplied by Dr. W. J. Gensler of Boston University. Tritiated colchicine (ring C, [3H]methoxy), a product of New England Nuclear Corp., had specific activity of 18.45 Ci/mmol. [3H]vinblastine was prepared as described (25) , and had a specific activity about 19 Ci/mmol and about 95% radiochemical purity. Vinblastine sulfate was a gift of Eli Lilly Laboratories.
Abbreviation: Buffer A, 10 mM MgCI2, 0.1 mM GTP, and 10 mM sodium phosphate (pH 6.8 is not currently understood, but may be due, in part, to the failure to take into account the presence of the high-affinity site.
Stability of the binding sites Additional differences between these two binding sites for vinblastine could be readily demonstrated. It is well known (25, 27, *) that colchicine binding to tubulin is labile, and that at 370 the colchicine-binding activity of uncomplexed tubulin decays in a first-order manner with a t1,,2 of 3-5 hr. Vinblastine and sucrose protect this binding activity. We were surprised to find, therefore, that the high-affinity vinbiastine site is equally labile despite the fact that it is independent of the colchicine-binding site (6, 27, 28) . The protein was pre-incubated at 370 and tested for its high-affinity site with 1.2 x 10-7 M vinblastine and for the lower affinity site with 8 x 10-5 M vinblastine. As shown in the Fig. 2 , the high-affinity binding site decayed in a firstorder manner with a ti,2 of 3.5 hr. In contrast, the lower affinity site did not decay significantly under these incubation conditions (Fig. 2) . When tubulin preparations were used that had been stored at 40 until they were entirely devoid of colchicine-binding activity, we found that there was no vinblastine binding to the high-affinity site, whereas the low-affinity vimblastine site persisted with only slightly impaired affinity (4 x 104 M-1) and a stoichiometry of 0.85 mole of vinbiastine bound per mole of tubulin (Fig. iB) . The posibility that there are twoo low-affinity binding sites per mole of tubulin, occupancy of which blocks binding by the high-affinity binding site, would seem to be discounted by the use of aged tubulin.
Of considerable interest was the observation that just as vinblastine protects the colchicine-binding site against decay at 370 (27) , so does colchicine protect the high-affinity vimblastine-binding site~ ( Fig. 2) Similar experiments were done with colchicine and podophyllotoxin. The half-maximal concentrations for inhibition of polymerization are 2.4 X 10-7 M for colchicine and 8.0 X 10-7 M for podophyllotoxin. For both of these compounds, these half-maximal inhibitory concentrations are in good agreement with their corresponding affinity constants for tubulin, i.e., 3.2 X 106 M-' and 1.8 X 106 M-', respectively (5, 6, *).
As the concentrations of vinblastine were increased there was a gradual rise in the optical density at 400 nm, which appeared to approach a plateau at about 4 X 10-4 M vinblastine. As can be seen in Fig. 3 (right panel) , the half-maximal concentration of vinblastine for aggregation was 2.5 X 10-5 M. This value is similar to the value calculated for 50% occupancy of the lowaffinity binding site from the second affinity constant (8 x 104 M-1). It is clear, therefore, that the midpoints of both of these titration curves of Fig. 3 correspond closely to the high-and low-affinity binding sites of tubulin described above. Further increases in vinblastine concentrations led to precipitation of tubulin (at >1 X 10-3 M) and rapid changes in. the optical density. This appears to be a quite nonspecific effect, in contrast to the two phenomena mentioned above, since it is shared by other proteins having acidic isoelectric points, such as serum albumin or rabbit muscle G actin. Unlike tubulin, these two proteins do not appear to progress through a clear-cut stage of oligomer formation. 
